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Abstract—This paper compares data of 15 individual polycyclic aromatic hydrocarbon (PAH) concentrations from two monitoring
programs: the French Réseau National d’Observation de la qualité du milieu marin (RNO) and the Mussel Watch project of the
U.S. National Status and Trends (NST) program. Polycyclic aromatic hydrocarbon measurements in bivalve (mussels and oysters)
are made from samples collected at 265 sites along the U.S. coastline and at 97 sites in the French coastal waters. Individual PAH
patterns were found strikingly similar between the two countries with higher concentrations for high-molecular-weight (HMW)
PAHs. Principal component analysis results for both RNO and NST show the variability to be dominated by just two components
with HMW compounds contributing primarily to the first and low-molecular-weight (LMW) compounds to the second. This could
imply a separation of petrogenic and pyrolytic sources with the latter being the more important in both nations accounting for the
similarity in results.
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INTRODUCTION

Since 1979, the Réseau National d’Observation de la qualité
du milieu marin (RNO) has been collecting and analyzing
mussels and oysters from sites along the French coast. In the
United States, the National Oceanic and Atmospheric Admin-
istration NST Mussel Watch Project has been doing the same
thing since 1986. Both programs monitor spatial and temporal
trends of contamination in coastal areas using mussels and
oysters as sentinel organisms [1,2]. Beliaeff et al. [3] reported
on the national scale similarities and differences in concen-
trations of Cd, Hg, Pb, Cu, Zn, lindane (gamma-hexachloro-
cyclohexane), and SDDT (dichloro-diphenyl-trichlorethane
and its degradation products) measured from 1986 to 1993 by
these two programs. Here we compare results on concentra-
tions of 15 PAHs included in the RNO project since 1994
(Table 1). They have been part of the NST suite of chemicals
since 1986, and O’Connor [4] concluded that they represent
the one chemical group among all the NST analytes that might
be eliciting a biological response at the concentrations found
in some mussels and oysters. Polycyclic aromatic hydrocar-
bons are also the major contributor to the total induction equiv-
alent factor (SIEF) in mussels and oysters [5] because they
are found at high concentrations relative to other CYP1A in-
ducers such as dioxins and planar PCBs that are more potent
on a molar basis.

Polycyclic aromatic hydrocarbons are of special interest in
monitoring programs because of their persistence and bioac-
cumulative properties, especially in marine mollusks, which
have limited ability to metabolize these compounds as com-
pared to fish [6]. Major sources of PAHs in the environment
are the production, transport, and use of fossil fuels (petrogenic
PAHs) and the incineration of organic materials, for example,
fossil fuels, wood, and waste (pyrogenic PAHs). Petrogenic
PAHs are predominated by LMW with two or three aromatic
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rings, while pyrogenic PAHs typically contain higher portions
of higher-molecular-weight compounds with four and five
rings (Table 1). Some high-molecular-weight (HMW) PAHs,
such as benzo[a]pyrene, are recognized to be mutagenic and/
or potentially carcinogenic [7] and thus are classified as en-
vironmental priority pollutants by the U.S. Environmental Pro-
tection Agency [8] and the European Community [9].

Through the comparison of levels and distributions for a
prioritary pollutant, this paper aims at studying the coherence
of results issued from two monitoring programs structured by
the same objectives and, therefore, by the same type of sam-
pling strategies. Specifically, the origin of PAHs in coastal
waters will be investigated.

MATERIALS AND METHODS

Data

The comparison is done with data from samples collected
in the winters of 1994 to 1995, 1995 to 1996, 1996 to 1997,
and 1997 to 1998. The RNO data are from 97 sites sampled
in November or December. The NST data are from 265 sites
sampled in November to March (each site sampled within 30
d of a prescribed date). The NST data are available at http://
www.ccma.nos.noaa.gov and the RNO data at http://
www.ifremer.fr/envlit. The RNO protocol requires that each
site be sampled every year. Since 1993, the NST practice has
been to sample sites every other year. Over four years, data
are available for more than one year for all the RNO and NST
sites. The comparisons begin then by calculating mean con-
centrations for PAHs at each site in each nation.

Site distributions and species

The NST sites are located about 70 km apart along the U.S.
coast and 20 km apart within estuaries (Fig. 1). A bias exists
toward urban areas in the NST station grid since 45% of the
sites are located within 20 km of population centers with
100,000 and more inhabitants. The RNO sites are more evenly
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Table 1. List of polycyclic aromatic hydrocarbons (PAH) common to
the Réseau National d’Observation (RNO) and to the National Status
and Trends (NST) project and corresponding codes. Polycyclic
aromatic hydrocarbons are ranked and grouped according to their
molecular weight (LMW 5 low molecular weight; HMW 5 high

molecular weight)

PAH Code
No. of
rings

Molecular
weight

LMW
Naphthalene
Acenaphthene
Fluorene
Anthracene
Phenanthrene

NAPH
ACEE
FLUE
ANTH
PHEN

2
3
3
3
3

128
154
166
178
178

HMW
Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene
Benzo[a]pyrene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[ghi]perylene
Indeno[1,2,3-cd]pyrene
Dibenzo[a,h]anthracene

FLUA
PYRE
BANT
CHRY
BAPY
BBFL
BKFL
BPER
INDE
DBAN

4
4
4
4
5
5
5
5
6
5

202
202
228
228
252
252
252
276
276
278

Fig. 1. Site location map for the National Status and Trends (NST)
project and for the Réseau National d’Observation (RNO).

distributed, without any urban emphasis. In both monitoring
programs, sites were selected to be representative of their sur-
roundings, and point sources of chemical contamination were
deliberately avoided.

The mussel watch programs are ongoing in both nations.
Only indigenous organisms were collected. Among the 97
RNO sites, the mussels Mytilus edulis or Mytilus galloprov-
incialis were collected at the 61 sites along the Mediterranean
and Northwest coasts and the oyster Crassostrea gigas at the
36 remaining Atlantic sites. Among the 265 NST sites, the
113 from Delaware Bay to Laguna Madre, Texas, USA, were
sampled for the oyster Crassostrea virginica, the mussel M.
edulis was collected at the 50 sites in the northeastern United
States, and at the 69 West Coast sites both M. edulis and
Mytilus californianus were sampled. Additionally, the oyster
Ostrea sandvicensis was sampled at the three NST sites in
Hawaii, USA; the smooth-edged jewel box Chama sinuosa at
the one site in the Florida Keys, USA; and the mangrove oyster
Crassostrea rhizophorae in three sites in Puerto Rico, USA.
We have also included here data from the 25 NST sites on the
freshwater Great Lakes where zebra mussels Dreissena po-

lymorpha was sampled in summer (August and September).
Chemical concentrations in mollusks from two sets of sites
that allowed sampling of M. edulis and M. virginica or M.
edulis and M. californianus, respectively, suggested species-
independent bioaccumulation of organic contaminants includ-
ing PAHs [10]. Therefore, mussel data were analyzed without
regard to the respective species.

Analytical methods

All PAH analyses for NST between the years 1994 and
1998 were done by the Texas A&M University Geochemical
and Environmental Research Group (GERG, College Station,
TX, USA). Details are provided by Lauenstein and Cantillo
[11]. Composites of whole soft parts of 20 oysters, 30 mussels,
or about 100 zebra mussels were homogenized. After addition
of internal standards and anhydrous sodium sulfate, the ho-
mogenate was extracted three times with dichloromethane us-
ing a tissumizer. After concentration by solvent evaporation
and exchange of dichloromethane with hexane, the tissue ex-
tract was fractionated by alumina:silica chromatography. The
aromatic fraction eluted from the column with 1:1 pentane:
dichloromethane was further purified by removing lipids
through the gel-permeation/high-performance liquid chroma-
tography procedure developed by Krahn et al. [12]. Purified
extracts were chromatographed on 30-m DB-5 fused silica
capillary columns (J&W Scientific, Rancho Cordova, CA,
USA) followed by mass spectroscopy detection (GC-MSD)
used in the selected ion mode (SIM).

All analyses were performed by the Laboratoire Municipal
et Régional of Rouen (France) for the RNO. Samples were
hand collected once a year in November from more than 100
stations along the French coasts and left for 24 h in clean
marine waters to purify. At least 10 oysters or 50 mussels were
pooled as a composite sample at each site. Soft tissues were
homogenized using a tissumizer, freeze-dried, and stored in a
closed vessel until further analyses. Five grams of freeze-dried
samples were extracted by hexane/acetone (50/50) using an
accelerated solvent extractor (ASE 200, Dionex, Sunnyvale,
CA, USA), concentrated in hexane, and fractionated by silica
column chromatography. For individual PAH analyses, 10 ml
of samples in acetonitrile were injected automatically and sep-
arated by reverse-phase high-performance liquid chromatog-
raphy using a 25-cm 3 4.6-mm column (Vydac 201 TP—C18,
Separations Group, Hesperia, CA, USA) kept at 308C and cou-
pled with programmable wavelength fluorescence detection.

Comparability of analytical data provided by different lab-
oratories was ensured by intercalibration for NST [13–16] and
for RNO [17,18].

Statistical analysis

Polycyclic aromatic hydrocarbon distribution patterns can
be visualized using box-and-whisker plots. The boxes cover
interquartile range (the first to third quartiles, identically the
25th and 75th percentiles), with the horizontal line within each
box indicating the median concentration. Vertical lines, so-
called whiskers, extend from each end of the box to the lowest
and highest observation within intervals defined as 1.5 inter-
quartile ranges below the first and above the third quartile,
respectively. Individual observations that are beyond these in-
tervals are plotted as dots.

Principal component analysis (PCA) has been applied to
tables consisting of 15 individual PAH compound concentra-
tions at each of 97 (RNO) or 265 (NST) sites. Principal com-
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Fig. 2. Box-and-whisker plots of polycyclic aromatic hydrocarbon
(PAH) concentration, expressed in mg/kg (dry wt) for the Réseau
National d’Observation (RNO) (a) and for the National Status and
Trends (NST) project (b) (NAPH 5 naphtalene, ACEE 5 acena-
phthene, FLUE 5 fluorene, ANTH 5 anthracene, PHEN 5 phen-
anthrene, FLUA 5 fluoranthene, PYRE 5 pyrene, BANT 5 ben-
zo[a]anthracene, CHRY 5 chrysene, BAPY 5 benzo[a]pyrene, BBFL
5 benzo[b]fluoranthene, BKFL 5 benzo[k]fluoranthene, BPER 5
benzo[ghi]perylene, INDE 5 indeno[1,2,3-cd]pyrene, DBAN 5 di-
benzo[a,h]anthracene). Fig. 3. Principal component analysis (PCA) results for the Réseau

National d’Observation (RNO) (a,c) and for the National Status and
Trends (NST) project (b,d). Top plots represent sampling site scores
in the main factorial plane for RNO (a) and for the NST Project (b).
Most sites are grouped near the origin showing similar patterns of
individual polycyclic aromatic hydrocarbons (PAH). Outlying dots
correspond to highly contaminated sites. Bottom plots correspond to
individual PAH loadings (dot coordinates are the linear correlations
of each individual PAH with the first two components) for RNO (c)
and NST (d) (NAPH 5 naphtalene, ACEE 5 acenaphthene, FLUE
5 fluorene, ANTH 5 anthracene, PHEN 5 phenanthrene, FLUA 5
fluoranthene, PYRE 5 pyrene, BANT 5 benzo[a]anthracene, CHRY
5 chrysene, BAPY 5 benzo[a]pyrene, BBFL 5 ben-
zo[b]fluoranthene, BKFL 5 benzo[k]fluoranthene, BPER 5 ben-
zo[ghi]perylene, INDE 5 indeno[1,2,3-cd]pyrene, DBAN 5 diben-
zo[a,h]anthracene). Lowest-molecular-weight PAHs appear separated
from high-molecular-weight PAHs, showing lower correlation values
with the first principal component.

ponent analysis axes are orthogonal and derived from a linear
combination of the original variables (for thorough details on
PCA see, e.g., Rao [19]). Classically, in order not to over- or
underweigh any PAH on the basis of its absolute concentration
range, concentrations have been standardized: For each indi-
vidual PAH, the mean concentration is subtracted from every
single value, and the result is divided by the corresponding
standard deviation.

RESULTS

The box-and-whisker plots (Fig. 2a and b) show, on a log-
arithmic scale, the distribution of concentrations among the
15 PAHs for RNO and NST. The relative concentration dis-
tributions among the 15 compounds and the median concen-
trations for each compound are very similar (Fig. 2a and b).
This is also the case when comparing medians of aggregate
groups: sums of LMW (55 mg/kg, dry wt, for RNO, and 63
mg/kg, dry wt, for NST), sums of HMW (88 mg/kg, dry wt,
for RNO and 124 mg/kg, dry wt, for NST), the total sum (138
mg/kg, dry wt, for RNO and 188 mg/kg, dry wt, for NST).
Finally, ratios of LMW to HMW are identical between the two
programs with a value of 0.58. The main difference between
NST and RNO is for the high concentrations. The NST third
quartiles are much higher than those of RNO, and NST in-
cludes many sites with PAH concentrations above the upper
whisker.

For both countries, distributions are highly right skewed.
The logarithmic scales for box plots force the distributions to
appear symmetric, but skewness in our results remains evident
as outlying observations above the upper part of the boxes for
both countries (Fig. 2). This is also shown by much higher
values for means than for medians. Frequency histograms for
benzo[a]pyrene and fluoranthene demonstrated highly right-
skewed distributions for both programs (figure not shown).

While box plots aggregate data for each individual poly-
cyclic aromatic hydrocarbon, PCA takes the concentration of
each individual PAH and each sample into account. Scores of

sampling sites are represented in Figure 3a for RNO and in
Figure 3b for NS&T. For both countries, the main factorial
plane extracts a large part of the variability: 72% for RNO
and 85% for NST, with, respectively, 58 and 74% for the first
(horizontal) axis. Linear correlation of variables (four-letter
codes of PAHs) with the first and the second principal com-
ponents (loadings) are illustrated in Figures 3c and d for, re-
spectively, RNO and NST. Small angles connecting (0, 0) with
any two PAHs imply a similar contribution of those individual
PAHs to the principal component axes. Variables contributing
the most to axis 1 are HMW for both countries. For RNO and
NST, the second (vertical) axis opposes HMW to LMW. This
is especially striking for RNO, where naphtalene, fluorene,
acenaphthene, and anthracene are clearly separated from the
other PAHs. Log transformation of the data did not change
the main features in the PCA results.

Close observations (dots) tend to follow the same pattern
considering the available set of individual PAHs. Most of the
sites are grouped near the origin exhibiting low between-site
variability with similar patterns and concentrations. The out-
liers, showing high concentrations, also lie on the right part
of the plane. All the NST sites that are separate from the central
mass in Figure 3b are sites that O’Connor [4] characterized
as high for HMW because mollusks consistently displayed
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concentrations above the 85th percentile of the 1990 data for
24 PAHs. These U.S. sites also appear above the whiskers on
Figure 2 and are sites near urban areas of Boston, Massachu-
setts; New York, New York; Panama City, Florida; Galveston
Bay, Texas; San Diego, California; Los Angeles, California;
San Francisco, California; Seattle, Washington; and on the
Great Lakes near Milwaukee, Wisconsin, and Rochester, New
York. No NST sites are distinguished by a high value only on
axis 2 (LMW), but the French data for the site Centre Darse
2, located in the Gulf of Fos nearby petroleum refineries, lies
high along axis 2, suggesting a strictly petrogenic influence.
The dominance of HMWs is even more evident in the NST
data for 24 PAHs that add seven LMW and two HMW com-
pounds to the list of 15 used here. The PCA plot based on
that larger data set (not shown) distinguishes two sites as par-
ticularly low in LMW compounds and still shows no sites
dominated by the LMW compounds.

DISCUSSION AND CONCLUSIONS

On a qualitative basis, U.S. and French data exhibit almost
identical PAH profiles (Fig. 2). The similarity is strikingly
revealed by common sets of variables contributing to the first
two axes of PCA (Fig. 3) with HMW compounds accounting
for most of the variability. Because marine mollusks have only
low PAH-metabolizing capacities, this distribution reflects the
bioavailable part of the PAHs to which they have been ex-
posed. The PAH distribution pattern is dominated by tetra-
aromatic compounds in the molecular weight range of 202 to
228. These compounds account for 44 and 49% of SPAH for
RNO and NST data, respectively. In addition, naphthalene
concentrations show relatively high levels with around 10%
(median values) of SPAH for both countries. Similar patterns
observed in all samples from both programs suggest that mol-
lusks are exposed to PAHs originating from similar sources.
Predominance of HMW compared to LMW compounds, with
identical LMW:HMW ratio medians for both monitoring pro-
grams (0.58), may indicate a predominant pyrolitic origin.
Right skewness of LMW:HMW ratio distributions also ex-
presses that most of PAH contamination is due to combustion
of organic matter. Low molecular weight/high molecular
weight is often used as an indicator of contamination sources
[20], a low value indicating a pyrolitic influence. These results
are consistent with the well-known ubiquity and predominance
of combustion-derived PAHs in the marine environment [21],
which results from both high inputs from various sources and
slow degradation [22]. Additional information on alkyl ho-
mologues of PAH would certainly help in better discriminating
pyrolytic and petrogenic sources.

For each country, sites are mostly grouped near the origin
of the two-dimension PCA plots (Fig. 3a and c), further evi-
dence of remarkable similarity. With one exception, sites dis-
tinctly away from the origin are those with exceptional high
HMW concentrations in mollusks and are sites in urban and
industrialized areas. As already indicated, the sampling strat-
egy of both the RNO and the NST programs avoids direct
sources of contamination. According to the mussel watch con-
cept, site locations should not be hot spots, more likely to face
chronic petrogenic contamination. On the contrary, these sites
are subject to diffuse and complex mixtures issued mainly from
combustion. The remarkable similarity in median concentra-
tions implies that both programs are fairly sampling represen-
tative sites and that on national scales PAHs are dominated
by HMW compounds in concentrations that may be typical of

developed countries. The NST program has many more sites
than RNO, and site selection is biased toward urban areas.
The consequence is not that the medians are very different
from RNO but that NST includes many more sites with con-
centrations at the high end of the overall distribution (Fig. 2).
Moreover, broader concentration ranges for the NST data can
also partly be explained because sampling in November to
March (with respect to RNO sampling in November or De-
cember) may lead to higher seasonal variability due to sig-
nificant differences in bivalve physiological conditions, such
as filtration rate or spawning activity [23,24].
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